D uring the first few hours of ischemic stroke, a high blood pressure or a highly variable blood pressure is often a cause of concern and a common reason for withholding thrombolytic treatment. 1,2 High blood pressure around the time of thrombolytic treatment carries an increased risk of intracerebral hemorrhage (in the range of a 4-fold increased risk for a systolic blood pressure >170 compared with 141-150 mm Hg), 1,2 and the same may be true for an abrupt increase in Background and Purpose-In patients with acute ischemic stroke, a high blood pressure or a highly variable blood pressure is a common reason for withholding thrombolytic treatment, but guidelines recommend a conservative approach to active blood pressure lowering in this setting. We have performed exploratory analyses to study the clinical effects of blood pressure and early blood pressure-lowering treatment in patients included in a randomized-controlled trial of thrombolytic treatment for acute ischemic stroke. Methods-The Third International Stroke Trial (IST-3) randomized 3035 patients with ischemic stroke to recombinant tissue-type plasminogen activator 0.9 mg/kg or open control within 6 hours of symptom onset. Blood pressure was measured at randomization, at start of treatment, and at 30 minutes and 1 and 24 hours after start of treatment, and the use of blood pressure-lowering treatment during the first 24 hours was recorded. We have characterized blood pressure by mean systolic blood pressure at baseline, by variability of systolic blood pressure (expressed by the standard deviation and the range between the lowest and the highest pressure), and by the change in systolic blood pressure from baseline to 24 hours. We used logistic regression analysis to explore the associations of blood pressure characteristics or blood pressure-lowering treatment with early adverse events, early death, and functional outcome at 6 months, after adjustment for key prognostic variables. Results-High baseline blood pressure and high blood pressure variability during the first 24 hours were associated with higher numbers of early adverse events and early deaths, and for several analyses, the differences were statistically significant. A larger decline in blood pressure and the use of blood pressure-lowering treatment during the first 24 hours were associated with a reduced risk of poor outcome at 6 months (odds ratio, 0.93; 95% confidence interval, 0.89-0.97; P=0.001 and odds ratio, 0.78; 95% confidence interval, 0.65-0.93; P=0.007, respectively), irrespective of whether the patient was given recombinant tissue-type plasminogen activator (P values for interaction >0.05). Conclusions-Among patients with ischemic stroke who are candidates for thrombolytic treatment, high baseline blood pressure and a large pressure variability during the first 24 hours may be associated with a poor prognosis, whereas a large reduction in blood pressure and the use of blood pressure-lowering treatment during the first 24 hours may be associated with a favorable prognosis. These data support the rationale for further trials of agents that lower blood pressure or reduce blood pressure variability in the acute phase of ischemic stroke. Clinical Trial Registration-URL: http://www.clinicaltrials.gov. Unique identifier: NCT00120003.
systolic pressure during or shortly after infusion of thrombolytic drugs. However, the prognostic effect of different blood pressure profiles in this situation is unclear, and the Food and Drug Administration labeling for alteplase has recently changed to remove strict upper blood pressure limits for beginning thrombolytic treatment. 3 At the same time, guidelines recommend a conservative approach, with careful blood pressure lowering to a systolic pressure of 185 and a diastolic pressure of 110 mm Hg before the start of thrombolytic treatment 1 and maintenance of a pressure <180/110 mm Hg, but we also know little about the effects of blood pressure-lowering treatment in patients with ischemic stroke given thrombolytic treatment.
Early blood pressure-lowering treatment seems to be beneficial in patients with hemorrhagic stroke, 4 but there has been no clinical trial of blood pressure-lowering treatment focusing only on the first few hours of ischemic stroke. A subgroup analysis of the Efficacy of Nitric Oxide in Stroke (ENOS) trial indicated that blood pressure-lowering treatment is beneficial when given during the first 6 hours of stroke onset, 5 but the same has not been found in other trials, 6, 7 and in all these trials, only a small minority of patients were recruited early or given thrombolytic treatment. The Third International Stroke Trial (IST-3) was a large randomized-controlled trial of thrombolytic treatment within 6 hours of onset of ischemic stroke and recorded blood pressures and the use of blood pressure-lowering agents during the first 24 hours. 8 We have used data from IST-3 to perform exploratory analyses of the short-and long-term effects of blood pressure and blood pressure-lowering treatment during the first 24 hours of ischemic stroke in patients randomly allocated to thrombolytic treatment or control.
Methods
The IST-3 was a randomized-controlled trial of recombinant tissuetype plasminogen activator (r-tPA) 0.9 mg/kg versus open control within 6 hours of ischemic stroke in 3035 patients. 8 For a patient to be eligible for the trial, systolic and diastolic blood pressures had to be ≤220 and ≤130 mm Hg, respectively. All patients had a computed tomographic or magnetic resonance imaging brain scan before randomization and a follow-up scan at 24 to 48 hours, and all were treated within an organized system of stroke care. Further details of the protocol, the baseline characteristics, the statistical analysis plan, and the main results have been published previously. [8] [9] [10] [11] Of the 3035 patients recruited, the median age was 81 years (interquartile range, 72-86) and median National Institute of Health Stroke Scale score was 11 (interquartile range, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , and among those allocated to r-tPA, the median time from onset of stroke to randomization was 3.9 hours (interquartile range, 2.9-4.8) and to the start of treatment was 4.2 hours (interquartile range, 3.2 to 5.2). 8 Blood pressure was measured according to local protocols and was recorded for trial purposes at 5 time points: at randomization, at the start of treatment (or, for patients allocated open control, immediately after randomization), and at 30 minutes and 1 and 24 hours thereafter. For the purpose of this analysis, we characterized blood pressure by the systolic blood pressure at baseline, the variability of systolic blood pressure (expressed both by the standard deviation (SD) and the range between the lowest and the highest pressures), and the change in systolic blood pressure from baseline to 24 hours. Baseline blood pressure was defined as the highest of the 2 initial blood pressures measured (at randomization and at the start of treatment), and patients contributed to the analysis of blood pressure variability if they had at least 1 postbaseline measurement taken. We chose to use systolic pressure because diastolic blood pressure variability has been shown to be less important, 12, 13 and we chose SD and range as measures of blood pressure variability because they are simple and meaningful for clinical practice and as good as other, more complex measures in predicting outcome. 12, 13 We also recorded the use of blood pressure-lowering treatment during the first 24 hours. The IST-3 protocol specified that patients allocated r-tPA and control must be managed according to local protocols, and in the same clinical environment, but given the lack of reliable data, the protocol did not specify a particular blood pressure management regimen. 9 Adverse events occurring during hospitalization up to the first 7 days of stroke were recorded on case report forms and adjudicated centrally by reviewers who were blinded to treatment allocation. 9, 11 All baseline and follow-up brain scans were adjudicated centrally by reviewers who were blinded to patient details and treatment allocation. Functional outcome at 6 months was scored with the Oxford Handicap Scale, 14 which is a commonly used variant of the modified Rankin Scale, either by a postal questionnaire mailed to the patient or telephone interview by personnel who were blinded to treatment allocation. For the present analysis, we have selected the following adverse events (nonfatal or fatal) occurring during the first 7 days: symptomatic swelling of the original infarct, symptomatic intracranial hemorrhage (ICH), neurological deterioration (defined as a relevant clinical deterioration) not due to swelling or ICH, early recurrent ischemic stroke, and any early adverse event (all of the above, plus deaths from noncerebral causes). In addition, we analyzed effects on deaths from all causes within 7 days and on functional outcome at 6 months, categorized as good (Oxford Handicap Scale scores, 0 to 2) or poor (scores, 3 to 6).
The purpose of the analyses was to examine the effects of blood pressure and blood pressure-lowering treatment on the whole range of early cerebral adverse events, early deaths, and late functional outcome, in agreement with the protocol and the statistical analysis plan. Our interest was in the pattern of effects rather than the effect on a particular primary effect variable, and therefore, we performed crude analyses of overall effects, rather than analyses of gradient effects. 12, 13 The associations between the blood pressure variables or blood pressure-lowering treatment (independent variables) and early adverse events and functional outcome at 6 months (dependent variables) were tested with logistic regression, with adjustment for the following prespecified key variables: age, National Institute of Health Stroke Scale score, time to randomization, and allocated treatment (r-tPA or control). Systolic blood pressure at randomization was also adjusted for in the analyses of blood pressure variability, and for the analyses of variability, we also performed a sensitivity analysis using only the 4 measurements taken ≤1 hour after the start of treatment. The associations between blood pressure variables and whether blood pressure-lowering treatment was given were similarly assessed, adjusting for the same variables. To test for interactions with treatment (r-tPA or control) in each of the adjusted models for the effect of an individual blood pressure variable or blood pressure-lowering treatment, we added a single interaction term. As well as testing whether the interaction was nominally significant, we examined the treatmentspecific effects in these adjusted models to identify any consistency of differences between r-tPA and control. Finally, we tested whether there was any interaction with timing of r-tPA treatment (<4.5 or ≥4.5 hours after symptom onset) or persistence of arterial occlusion (the presence of the hyperdense cerebral artery sign on noncontrast computed tomographic or magnetic resonance imaging). 15 We used a nominal P value of 0.05 as a threshold for statistical significance, but tests were multiple and exploratory and must therefore be regarded with caution. Analyses were done with SAS (version 9.3).
Results
Of the 3035 patients included in the trial, 3028 (99.9%) contributed to the analysis of baseline systolic blood pressure, 3018 (99.6%) to SD, 3028 (99.9%) to range, 2926 (96.5%) to change in systolic blood pressure, and 3028 (99.9%) to analysis of blood pressure-lowering treatment. Systolic blood pressures were similar in patients allocated to thrombolytic treatment and control (P>0.05; Figure 1 ). Median systolic
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pressures were 155 and 156 mm Hg in the 2 groups at baseline and were lower by ≈10 mm Hg in both groups at 24 hours after the start of treatment.
Effects of Blood Pressure on Early Adverse Events and Poor Functional Outcome at 6 Months
The Table shows the baseline characteristics of patients in the trial, with respect to systolic blood pressure at baseline, SD of systolic blood pressure, range of systolic blood pressure, and change in systolic blood pressure during the first 24 hours. There was a larger change in blood pressure among patients allocated to thrombolytic treatment, but there was otherwise no statistically significant difference between patients allocated to thrombolytic treatment and those allocated to control, and no clinically important differences in other characteristics, for example, time to randomization, age, or stroke severity. Figure 2 shows baseline systolic blood pressure in patients with or without early adverse events, early death, and poor functional outcome at 6 months. Patients who experienced any of the early adverse events during the first 7 days had higher baseline systolic blood pressure than others (mean 162 versus 159 mm Hg; P value from logistic regression analysis=0.016). Although we observed a higher blood pressure for each individual type of adverse event, this reached the threshold for statistical significance only for symptomatic ICH (mean 165 versus 159 mm Hg; P=0.015), and the odds of symptomatic ICH were estimated to increase by 10% (95% confidence interval [CI], 2-19) for each 10-mm increase in baseline systolic blood pressure.
The effects of blood pressure variability, expressed as the SD of systolic blood pressure, are shown in Figure 3 . We observed a greater SD for patients experiencing any early adverse event (mean 14.7 versus 13.4 mm Hg; P=0.003), although this did not reach statistical significance for any individual type of event apart from early death (15.4 versus 13.5 mm Hg; P=0.001). The odds of early death were estimated to be 36% higher (95% CI, 15-61) for a 10-mm increase in SD. This pattern was similar when blood pressure variability was expressed as the range of systolic blood pressures, which was also higher in patients with any early adverse event or early death (P=0.002 and P=0.003, respectively; Figure I in the online-only Data Supplement). We also performed sensitivity analyses of blood pressure variability using only the 4 measurements taken ≤1 hour after the start of treatment and found similar results for both SD and range of systolic blood pressure (data not shown).
A large decline in systolic blood pressure during the first 24 hours generally showed the opposite associations, with lower risks (Figure 4 ). Patients with a larger decline had a small, statistically nonsignificant higher risk of early recurrent ischemic stroke but a lower risk of the other events, and for symptomatic ICH and poor outcome at 6 months, the differences were statistically significant (mean 12.3 versus 14.2 mm Hg; P=0.037 and 12.2 versus 17.5 mm Hg; P=0.001, respectively). For each 10-mm increase in blood pressure decline, the odds of symptomatic ICH and poor outcome at 6 months were estimated to reduce by 10% (95% CI, 1-18) and 7% (95% CI, 3-11), respectively.
Finally, we performed an interaction analysis to see if the effects were different in the r-tPA group and the control group, in patients treated before and after 4.5 hours of symptom onset, and patients with and without the hyperdense cerebral artery sign and found no evidence of such differences, for any of the early adverse events, early deaths, or poor functional outcome at 6 months (P values for interaction>0.05, data not shown).
Effects of Blood Pressure-Lowering Treatment on Early Adverse Events and Poor Functional Outcome at 6 Months
The Table shows the baseline characteristics in patients who received blood pressure-lowering treatment during the first 24 by guest on November 19, 2017 http://stroke.ahajournals.org/ Downloaded from hours after the start of thrombolytic treatment or control. The proportion of patients who was given blood pressure-lowering treatment was about the same in the r-tPA (35.6%) and control (38.3%) groups, and again there were no important differences between other patient subgroups.
We compared the blood pressure characteristics in patients who received and patients who did not receive blood pressurelowering treatment during the first 24 hours. As expected, patients who received treatment had higher blood pressure at baseline, higher blood pressure variability, and a larger decline by 24 hours ( Table I in the online-only Data Supplement). Figure 5 shows the associations between blood pressurelowering treatment during the first 24 hours and early adverse events, early deaths, and poor outcome at 6 months. Blood pressure-lowering treatment was not associated with any change in the risk of neurological deterioration and early recurrent ischemic stroke, but with lower risks of the other early adverse events and with a statistically significantly reduced risk of poor functional outcome at 6 months (59.6% versus 66.8%; P=0.007), equivalent to a reduction in the odds of poor outcome by 22% (95% CI, 7-35). Interaction analyses showed no evidence of differences of effect in the r-tPA and control groups, in patients treated before and after 4.5 hours of symptom onset, or in patients with and without the hyperdense cerebral artery sign, for any of the early adverse events, early deaths, or poor functional outcome at 6 months (P values for interaction>0.05, data not shown). Figure II in the online-only Data Supplement shows the effect of blood pressure-lowering treatment on functional outcome in these subgroups.
Discussion
A high systolic blood pressure or a highly variable blood pressure is often a reason for withholding thrombolytic treatment, 1,2 mainly because of the fear of ICH. The present analyses suggest that these blood pressure characteristics are associated not only with an increased risk of symptomatic ICH but also with other cerebral adverse events, early death, and poor functional outcome at 6 months. Only some of the risk increases were statistically significant, but nearly all risk estimates pointed in the same direction and lend support to the hypothesis that blood pressure is not an innocent bystander but a player that can have a direct effect on the natural course of ischemic stroke.
It has previously been shown that high blood pressure in the acute phase has an unfavorable effect on outcome. 2, 16 Blood pressure variability is another blood pressure characteristic, 
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December 2015 which expresses the tendency of blood pressure to change abruptly around the mean pressure. Blood pressure variability has been shown to be an independent risk factor for stroke 12 and to have prognostic significance in the acute phase of ICH, 13, 17 but there are only limited data to support the notion that the same is true during the first few hours of ischemic stroke. [18] [19] [20] [21] Our data confirm and extend these findings in a much larger prospectively and carefully studied cohort. It may be that, during the early stages of ischemic stroke, the brain is vulnerable to changes in blood pressure, perhaps both because of a disturbed cerebral arterial autoregulation and because of the breakdown of the arterial wall at the site of infarction. A high blood pressure, or abrupt increases in blood pressure, may cause raised intracranial pressure and edema or bleeding at the site of infarction and consequently lead to death or poor functional outcome in the longer term, as indicated by our analysis.
Compatible with this pathophysiological theory, we also observed a pattern in which a larger decline in blood pressure during the first 24 hours was (nonsignificantly) associated with lower risks of symptomatic infarct swelling, symptomatic ICH, and neurological deterioration from other causes but not with a lower risk of recurrent ischemic stroke. The somewhat higher frequency of recurrent ischemic strokes in patients with a larger fall in blood pressure may theoretically be explained 
December 2015 by a critically low perfusion pressure in some patients because of the disruption of cerebral arterial autoregulation. However, the favorable effects of a larger fall in blood pressure on the other types of early adverse events possibly outweighed the effect on recurrent ischemic strokes, which may explain the significant positive effect on functional outcome at 6 months. As could be expected from the unfavorable effects of high baseline blood pressure and large pressure variability and the favorable effects of an early decline in blood pressure, we observed that early blood pressure-lowering treatment was associated with a reduced number of most types of early adverse events and with a reduced risk of poor outcome at 6 months. Interestingly, we observed a small increase in the number of recurrent ischemic strokes, as in patients with a large decline in blood pressure. Taken together, these findings support the hypothesis that early blood pressure treatment may be beneficial during the first few hours of ischemic stroke, as in hemorrhagic stroke 4 and as suggested by the ENOS subgroup analysis. 3 In previous trials of blood pressure-lowering treatment after ischemic stroke, blood pressure-lowering treatment has on average been started after 24 hours, which may explain why, overall, no beneficial effects could be observed. [5] [6] [7] One small trial of blood pressure-lowering treatment given in the ambulance within 4 hours of stroke onset has shown promising results, 22 and the Second Rapid Intervention With Glyceryl Trinitrate in Hypertensive Stroke Trial (RIGHT-2) is now starting (Philip Bath, personal communication).
Importantly, the present analyses show that the results seem to apply irrespective of whether patients are treated with r-tPA and irrespective of whether patients were treated before or after 4.5 hours of symptom onset. This means that, if our results can be confirmed, blood pressure-lowering treatment during the first few hours can be safely applied to patients who are candidates for thrombolytic treatment and suggests that the current recommendations may be too conservative. 1 The Enhanced Control of Hypertension and Thrombolysis Stroke Study (ENCHANTED) of blood pressure-lowering treatment in patients given thrombolytic treatment is ongoing, 23 and our results strengthens the rationale for this trial. The analyses also indicate that the results apply irrespective of whether patients had evidence of persistent arterial occlusion, but this does not exclude the possibility that the effect of blood pressure-lowering treatment vary by subtype of stroke, for example, stroke because of large-artery occlusion or stenosis or by differing degrees of collateral artery flow.
The present analyses have clear limitations, and the findings must be interpreted with caution. First, IST-3 did not randomly allocate patients to blood pressure treatment or control, and so, our data are observational and prone to confounding and bias. We have controlled in the analyses for many key prognostic variables, but we may not have been able to control for them all, which means that patients receiving blood pressure-lowering treatment may differ from other patients in many respects (confounding by indication). Similarly, patients with an unfavorable blood pressure profile may differ from other patients. It is also a possibility that blood pressure is a marker of a poor prognosis, rather than a cause (reverse causality), and therefore, it is difficult to draw firm conclusions about the effects of blood pressure characteristics and blood pressure-lowering treatment, based on our analyses. Second, the multiple exposure variables used in the present analyses are related, which means that the results must also be seen as related. Third, blood pressure in IST-3 was not measured uniformly by a standardized, validated blood pressure monitor. However, this would have reduced the statistical noise and increased the precision of the blood pressure readings, thereby likely increasing the statistical significance of our findings. Furthermore, because our estimate of blood pressure variability was based on a relatively low number of measurements, we might further have underestimated the true significance of blood pressure variability because the precision of the risk estimate is heavily dependent on the number of measurements. 12 Fourth, IST-3 did not collect detailed information about the blood pressure-lowering treatment that was given, which makes it impossible to determine whether the observed effects were restricted to certain types or doses of drugs or to a certain timing of treatment. Fifth, the trial was not powered to detect statistically significant risk differences resulting from change in blood pressure or from blood pressure-lowering treatment, and therefore, it is a possibility that the observed differences are falsely positive because of the play of chance. Also, we have performed multiple tests, which increases the risk of spurious findings. However, all risk differences were internally consistent and biologically plausible, and for functional outcome at 6 months, the effect variable with the largest statistical power, the difference was highly statistically significant.
The main strengths of this analysis are that IST-3 was a large study of patients with early ischemic stroke given thrombolytic treatment, with blood pressure measured at fixed intervals according to a standardized protocol, including many patients who received blood pressure-lowering treatment. Adverse events were adjudicated centrally and blindly, and recording of 6-month outcome was near complete and was done without recall of blood pressure and blood pressure-lowering treatment in the acute phase, which reduces the possibilities of bias. The study population was also well characterized and shares many characteristics with patients who are admitted early and given thrombolytic treatment in a general hospital setting. In the absence of any completed large randomized-controlled trial of blood pressure-lowering treatment during the first hours of ischemic stroke, we think that IST-3 offers a good opportunity to assess the effects of blood pressure characteristics and blood pressure-lowering treatment in such patients.
In summary, among patients with ischemic stroke who are candidates for thrombolytic treatment, blood pressure characteristics and blood pressure-lowering treatment during the first 24 hours seem to have important effects on short-and long-term prognosis. Higher baseline systolic blood pressure and larger blood pressure variability were associated with a poorer prognosis, whereas an early decline in blood pressure and blood pressure-lowering treatment given during the first 24 hours were both associated with a favorable prognosis. These findings lend weight to the importance of blood pressure after ischemic stroke and indicate that early changes in by guest on November 19, 2017 http://stroke.ahajournals.org/ Downloaded from blood pressure may be of greater importance than previously considered. The findings also support that agents that lower blood pressure or reduce pressure variability should be tested further in the hyperacute phase of ischemic stroke to determine whether current guidelines for management of blood pressure in this situation are too conservative.
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Supplemental Figure I. Associations of range of systolic blood pressure
Columns represent means +/-1 standard error. ORs, 95% CIs and p-values are from logistic regression analyses of 10 mm Hg increments, adjusted for key clinical variables (see text). Only p-values <0.05 are given. Range was missing for 5 cases, among whom 1 had early death and 4 had poor outcome at 6 months. ICH intracerebral haemorrhage; ND neurological deterioration. Only P values <0.05 are given. Systolic blood pressure at 24 hours was missing for 102 cases. Among these 10, 18, 11, 0, 47, 45, and 82, respectively, experienced the 7 types of outcome shown. ICH indicates intracranial hemorrhage; and ND, neurological deterioration. Only P values <0.05 are given. SD was missing for 15 cases, among whom 1 had early death and 11 had poor outcome at 6 months. ICH indicates intracranial hemorrhage; and ND, neurological deterioration.clinical variables (see text). Only P values <0.05 are given. ICH indicates intracranial hemorrhage; and ND, neurological deterioration.
